ABSTRACT -1,2-Naphthoquinone (1,2-NQ) is an electrophile found in the atmosphere, which reacts readily with protein nucleophiles to form a stable protein adduct. Peroxiredoxin 6 (Prdx6) is predominantly expressed in lung tissue and functions in antioxidant defense by facilitating the repair of damaged cell membranes via reduction of peroxidized phospholipids. In the present study, human A549 pulmonary epithelial cells were exposed to 1,2-NQ to explore whether 1,2-NQ can bind covalently to Prdx6, thereby disrupting its catalytic activity. Two-dimensional SDS/PAGE followed by western blot analysis with a specific antibody against 1,2-NQ showed that Prdx6 was covalently modified by 1,2-NQ. Using purified human Prdx6, it was found that 1,2-NQ bound covalently to Prdx6 through Cys47, Lys144 and Cys91, resulting in a significant reduction in phospholipase A 2 activity. These results suggest that arylation of Prdx6 by 1,2-NQ may, at least in part, be involved in the cellular toxicity induced by 1,2-NQ.
INTRODUCTION
There are a huge number of electrophiles in the atmosphere that can covalently modify cellular proteins to form stable adducts (Iwamoto et al., 2010) . Of these, we have focused on 1,2-naphthoquinone (1,2-NQ) (Cho et al., 2004) . Accumulating evidence indicates that 1,2-NQ reacts with protein thiols via the Michael reaction to form 1,2-dihydroxynaphthalene-protein adducts, which are rapidly auto-oxidized to 1,2-NQ-protein adducts ( Fig. 1 ) (Kumagai et al., 2012; Miura et al., 2011a) . For example, sensor proteins containing reactive nucleophiles undergo arylation by 1,2-NQ, thereby disrupting their function (Endo et al., 2011 (Endo et al., , 2007 Iwamoto et al., 2007; Miura et al., 2011a Miura et al., , 2011b Sumi et al., 2010) . In a previous study, we found that several unidentified proteins expressed by human pulmonary epithelial A549 cells are modified after exposure to 1,2-NQ (Miura et al., 2011b) . This suggests that the cellular cytotoxicity mediated by 1,2-NQ may be caused by reduction and/or loss of function of essential proteins.
Peroxiredoxin 6 (Prdx6), a bifunctional 25 kDa protein with both glutathione peroxidase and phospholipase A 2 (PLA 2 ) activity, is the only mammalian 1-Cys member of the Prdx superfamily. It is expressed in all major organs, with particularly high levels being observed in lung tissue (Manevich and Fisher, 2005) . Prdx6, when stably overexpressed in cells, protects against oxidative stress, whereas antisense treatment results in oxidative stress and apoptosis. Also, inhibition of Prdx6-catalyzed PLA 2 activity results in alterations in lung surfactant phospholipid synthesis and turnover (Manevich and Fisher, 2005) . These observations suggest that 1,2-NQ may modify Prdx6 via reactive nucleophiles, resulting in a decrease in catalytic activity. To address this issue, we conducted experiments using A549 cells, and cell-free studies using purified human Prdx6.
MATERIALS AND METHODS

Materials
1,2-NQ was purchased from Tokyo Kasei Industries, Ltd. (Tokyo, Japan). A specifi c antibody against 1,2-NQ was prepared as previously described (Iwamoto et al., 2007) . All other reagents used were of the highest purity available.
Cell culture
The human lung epithelial cell line, A549 (ATCC, Manassas, VA, USA) was grown in Dulbecco's modifi ed Eagle's medium (DMEM; Wako, Osaka, Japan) supplemented with 10% fetal bovine serum, 2 mM Gluta Max-1 and antibiotics (100 units/ml penicillin, 100 μg/ml streptomycin) at 37°C in a humidifi ed atmosphere containing 5% CO 2 .
2-Dimensional SDS-polyacrylamide gel electrophoresis (2D-SDS/PAGE)
Sample preparation and the gel composition used for the second-dimension SDS-PAGE were as outlined in "2-D Electrophoresis PRINCIPLES and METHODS" (GE Healthcare, Bio-Sciences Corp., Piscataway, NJ, USA). Cells were extracted with lysis buffer (6 M urea, 1 M thiourea and 3% CHAPS) and the lysates were sonicated in short bursts to avoid heating. IPG strips (7 cm; pH interval: 3-10) were rehydrated prior to isoelectric focusing (IEF) in a solution containing 8 M urea, 2% CHAPS, a small amount of SDS, 0.3% dithiothreitol (DTT) and 0.5% IPG buffer for 10 hr. The rehydrated strips are then placed onto the cooling plate of an electrofocusing chamber and IEF was performed at a voltage of 3,500 V (Multiphor II, GE healthcare). After IEF, the IPG strips are equilibrated in the presence of SDS, DTT, urea, glycerol and iodoacetamide, and then placed on top of a vertical SDS gel for the second dimension.
Preparation of Prdx6
The expression vector encoding Prdx6 (Prdx6-pET21b) was kindly provided by Dr. Aron B. Fisher, University of Pennsylvania (PA, USA). The plasmid was transformed into E.coli BL21 cells for protein expression. Bacterial cultures were grown to 0.6 absorbance units at 600 nm in LB broth at 37°C with shaking at 120 rpm (Taitec, Saitama, Japan). The cultures were then induced by the addition of 1 mM IPTG and grown for an additional 12 hr at 37°C. Prdx6 was purifi ed using Ni-IDA ProBond (Invitrogen, Carlsbad, CA, USA) as described previously (Iwamoto et al., 2007) . The purity of the Prdx6 preparation, as assessed by SDS-PAGE, was > 90%. Thiol groups oxidized during purifi cation were reduced by incubation with 10 mM DTT for 1 hr and the DTT was removed on an Econo-Pac 10 DG column. Each enzyme preparation was stored at -80°C in 50 mM potassium phosphate buffer (pH 7.0) before use.
Western blotting
Cells were extracted with RIPA buffer (50 mM TrisHCl (pH 7.5) containing 150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1 mM ethyleneglycoltetraacetic acid (EGTA), 0.4 mM ethylenediaminetetraacetic acid (EDTA) and a protease inhibitor cocktail). SDS-PAGE and subsequent immunoblot analysis were performed as reported previously (Miura et al., 2011a) . The protein concentrations were determined using the Bio-Rad Protein assay kit (Bio-Rad, Richmond, CA, USA) or the bicinchoninic acid (BCA) protein assay reagent (Pierce Biotechnology Inc., Rockford, IL, USA), incorporating bovine serum albumin as a standard. Western blotting with a specific antibody against 1,2-NQ was used to detect Prdx6 bound to 1,2-NQ according to the method of Miura and Kumagai (2010) .
Immunoprecipitation
Cell lysates containing 1 mg of cellular protein from A549 cells exposed to 1,2-NQ were incubated overnight at 4°C with an anti-Prdx6 antibody (Lab Frontier, Seoul, Korea) with constant shaking. Protein A sepharose CL-4B beads (GE Healthcare) were then added to the samples and incubated with rocking for 3 hr at 4°C. The beads were rinsed three times with RIPA buffer and pelleted by centrifugation Fig. 1 . Covalent modifi cation of 1,2-NQ to protein thiols. Vol. 36 No. 6 at 13,000 g for 1 min. The proteins were eluted by boiling the beads in SDS-PAGE loading buffer for 5 min. Proteins were detected by immunoblot analysis as described above.
PLA 2 activity
The enzyme activity was measured at pH 4 (40 mM acetate buffer with 5 mM EDTA) using a liposome-based fl uorescence assay (bisbodipy-C11-PC) for rapid screening. The liposomal substrate was 1,2-dipalmitoyl-snglycero-3-phosphocholine/bisbodipy-C11-PC/phosphatidylglycerol/cholesterol at a molar ratio of 10:0.05:2:3. Total lipid was 0.171 μmol in 250 μl of sodium acetate (50 mM) plus EGTA (1 mM) buffer at pH 4. To stop the reaction, the medium was diluted to 1 ml with assay buffer and the fl uorescent product was measured at 490 nm (excitation) and 520 nm (emission). Standard curves constructed using bodipy-C11 fatty acid at pH 4 were linear up to 4 mM, and were used to calculate PLA 2 activity (Kim et al., 1997) .
Liquid chromatography-mass spectrometry (LC-MS) analysis
Prdx6 was incubated with 0, 5, or 50 μM 1,2-NQ for 30 min at 25°C in a buffer containing 50 mM potassium phosphate (pH 7.0). Trypsin-digested Prdx6 was mixed with 100 μM DTT and trifluoroacetic acid. To improve the ionization effi ciency during mass spectrometry, samples were purifi ed with Zip-tip μC18 (Millipore, Bedford, MA, USA) before MS analysis. Peptides were separated by NanoAQUITY UPLC (Waters, Milford, MA, USA). The MS analyses were performed using an SYN-APT HDMS (Waters) with a NanoLockspray source. All analyses were conducted using the positive ion mode and the instrument was calibrated immediately prior to each series of studies.
Data analysis
All data were expressed as the mean ± S.D. from at least three independent experiments. Data were analyzed using a t test and P < 0.05 was considered signifi cant.
RESULTS AND DISCUSSION
The results of immunoblot analysis with an anti-Prdx6 and 2D-SDS/PAGE showed that A549 cells expressed Prdx6 and its charge isomers, with a molecular subunit size of 26 kDa and pI values ranging from approximately 5.7 to 6.5 ( Fig. 2A) . Western blotting with an anti-1,2-NQ antibody indicated that the quinone was covalently bound to Prdx6 in cells under these conditions, while numerous cellular proteins were modifi ed after exposure to 1,2-NQ ( Fig. 2A) . These results were supported by subsequent immunoprecipitation studies (Fig. 2B ).
Recombinant human Prdx6 was then prepared to confi rm the covalent attachment of 1,2-NQ to Prdx6. When Fig. 2 . 2D-SDS/PAGE analysis of cellular proteins bound to 1,2-NQ in A549 cells. A. Cells were exposed to 70 μM 1,2-NQ for 30 min at 37°C. Cell lysate (50 μg) was separated by 2D electrophoresis and subjected to western blot analysis with the indicated antibodies. B. Cells were exposed to 50 μM 1,2-NQ for 30 min at 37°C. Cellular Prdx6 was immunoprecipitated with a Prdx6 antibody. Arrows indicate the Prdx6 bands.
purified Prdx6 was incubated with 1,2-NQ at pH 7, Prdx6 was arylated in a concentration dependent manner (Fig. 3A) . However, the level of Prdx6 modification induced by 1,2-NQ was markedly reduced under acidic conditions (pH 4) (Fig. 3A) , suggesting that reactive nucleophiles play a role in the arylation of 1,2-NQ. Consistent with this, LC-MS analysis identifi ed Cys47, Cys91 and Lys144 as the sites on Prdx6 modifi ed ( Table 1 ). The S-arylation sites identifi ed on Prdx6 are in agreement with those reported for quinone methides derived from 2,6-ditert-butyl-4-mrthylphenol (Meier et al., 2007) . Modifi cation of Prdx6 by 1,2-NQ would affect its catalytic activity. Therefore, we measured Prdx6 activity in the absence and presence of 1,2-NQ, using PLA 2 activity as the readout. As shown in Figs. 3B and C, incubation of Prdx6 with 1,2-NQ resulted in a concentration-dependent reduction in PLA 2 activity concomitant with covalent binding. The covalent modifi cation and diminished PLA 2 activity induced by 1,2-NQ was markedly inhibited by treatment with the thiol compound, DTT. These results show that covalent binding of 1,2-NQ to Prdx6 results in a reduction in catalytic activity.
The results of the present study also indicated that, of all the proteins bound to 1,2-NQ, Prdx6 is the target protein for this atmospheric electrophile in A549 cells. His26, Ser32 and Asp140 are reported to be the catalytic sites of Prdx6 responsible for PLA 2 activity. His26 is the site of interfacial binding to the liposomal surface, Ser32 plays a key role in the maintenance of Prdx6 structure, and Asp140 is critical for catalysis . However, the results of the LC-MS analysis carried out in the present study showed that 1,2-NQ irreversibly bound to human Prdx6 via Cys47, Cys91 and Lys144. A possible explanation for inhibition of the PLA 2 activity during 1,2-NQ exposure is that 1,2-NQ covalently binds to Lys144, which is in close proximity to Asp140 and, by so doing, affects the environment around the Asp140 residue associated with the PLA 2 activity catalyzed by Prdx6.
We previously reported that intratracheal administration of 1,2-NQ to mice causes antigen-related airway infl ammation, characterized by infi ltration of eosinophils and lymphocytes around the airways, and an increase in Fig. 3 . pH-dependent covalent binding of 1,2-NQ to purifi ed Prdx6, and inhibition of Prdx6-catalyzed PLA 2 activity by 1,2-NQ through covalent modifi cation. A. Human Prdx6 and was incubated with the indicated concentrations of 1,2-NQ for 10 min at 37°C in 50 mM potassium phosphate buffer (pH 7) or 50 mM acetate buffer (pH 4) followed by western blotting with the indicated antibodies. B. Human Prdx6 was incubated with 10 or 50 μM 1,2-NQ for 60 min at 37°C in the absence and presence of DTT followed by western blotting with the indicated antibodies. C. Human Prdx6 was incubated with 10 or 50 μM 1,2-NQ for 60 min at 37°C in the absence and presence of DTT and PLA 2 activity Measured. Data represent the mean ± S.D. of three determinations. ***P < 0.001. the number of goblet cells within the bronchial epithelium (Inoue et al., 2007) . Because PLA 2 activity plays an important role in lung surfactant homeostasis, and is responsible for the bulk of the degradation of internalized phosphatidylcholine and its re-synthesis via the re-acylation pathway, (Schremmer et al., 2007) , we speculate that chemical knockdown of Prdx6 by 1,2-NQ is, at least partially, involved in 1,2-NQ-mediated inflammation.
